In order to improvement electronic and mechanical properties, welding between stranded wires and terminals is important. However, welding methods to obtain high-quality joints using stranded wires are still limited. In this report, we applied ultrasonic welding to join a Cu stranded wire to a Cu substrate. Cross-sections of the weldments were taken and observed by several microscopy techniques to elucidate the weldability and soundness of the joints. After ultrasonic welding, each wire in the stranded wire was joined together at the region where the stranded wire was joined to the substrate without any defect. Each wire was welded through the Ag coating layer, and the stranded wire and the substrate was also welded through the outermost coating layers. It was found that ultrasonic welding is an efficient technique for producing high quality joints without any defect at the interface.
Introduction
A coaxial connector is used to conduct high frequency signals to some devices. Recently, high quality connectors with low loss transmission have been required to achieve high capacity and high-speed communication. One of the key factors is the welding between the coaxial connector and coaxial cable. The coaxial cable consists of the outer conductors and the core stranded wires. In general, crimping is widely used to join the connector with both the outer conductors and the stranded wires. However, the mechanical strength and conductivity of the joint between the stranded wires and substrates tends to decrease at high temperature aging due to the oxidation at the interface [1] [2] [3] . For single Cu wire or ribbon welding, ultrasonic welding is an attractive method and has been studied by several researchers [4] [5] [6] [7] [8] [9] [10] [11] [12] . Within this method, the joint is quickly obtained without an external heat source in the air. Cu wires can be directly welded to Cu substrates [5, [10] [11] [12] . Further, coating of Cu wires or substrates by several metal layers for ultrasonic welding was developed to improve the weldability [4, 8, 9, [13] [14] [15] . To develop the welding techniques for the joint between the coaxial connector and the wire with low loss transmission of high frequency signal, we firstly applied the ultrasonic welding to the fine stranded Cu wire. In this paper, the joint between the fine stranded Cu wire with the Ag coating and a Cu substrate with Ni and Au coating layer was investigated. To make sure of the effectiveness of the welding, the microstructure of the welded interface was investigated using several electron microscopy techniques.
Materials and Methods
The stranded wire consisted of 7 Cu wires with a 70 μm in diameter. Each wire was coated with an Ag layer 1μm in thickness. Figure 1 shows the electron back scatter diffraction-inverse pole figure (EBSD-IPF) map of one of the stranded wires cut parallel to the wire direction. The grain size of the Cu ranged from 5 to 10 μm. The Cu substrate was 100 μm in thickness and covered by 20 μm thick Ni and 100 nm thick Au. Figure 2 shows the schematic illustration of the ultrasonic welding machine. The welding machine used in this study was a rotary head type ultrasonic wire bonder (REBO-7WL, Ultrasonic Engineering Co., LTD., Tokyo, Japan). The wedge tool had a V-groove structure. The depth and the width of the grooves were 140 μm and 220 μm, respectively. The length of the groove was 300 μm. The stranded wire was put on the substrate between the tool and an anvil. Ultrasonic vibration and load were applied to the wire through the wedge tool during the ultrasonic welding. The welding frequency was 110 kHz, and the welding time was fixed at 0.2 s. The loading force and ultrasonic power were changed from 720 to 780 gf and, 110 to 150 a.u., respectively. After the welding, a tensile shear test was carried out for each joint. In the test, the substrate was fixed, and the wire was pulled parallel to the substrate surface with a cross-head speed of 25 mm/min. The joint welded with 750 gf in loading force and 130 a.u. in ultrasonic power showed a maximum strength of 4.8 N and was used for the microstructure observation. Joints welded over 760 gf in loading force and 150 a.u. in ultrasonic power were broken at the boundary of the wire between the original part and the applied ultrasonic part due to the damage produced by the ultrasonic welding. A detailed analysis is beyond the scope of the present paper and will be conducted in future. Figure 3a shows the scanning electron microscope (SEM) image of the joint between the coaxial cable and the substrate after ultrasonic welding. The outer cables and covering materials in the coaxial cable were removed and the stranded wire was welded to the substrate. Figure 3b shows the morphology of the joint with maximum strength after the tensile shear test. The welded region remained on the substrate and the sample was broken in the wire.
As for the microstructure observation, the joint was cut parallel and perpendicular to the wire direction. A cross-section of the joint was polished mechanically and finished by ion-milling (IM4000, Hitachi High-Technologies, Tokyo, Japan), and observed by SEM (SU-5000, Hitachi HighTechnologies, Tokyo, Japan). For the transmission electron microscope (TEM) observation, a thin sample was picked up from the cross-section using a focused ion beam (FIB) technique (JIB-4600F, JEOL, Tokyo, Japan) and observed by TEM and scanning transmission electron microscope (STEM) (JEM-2010, JEM-2800, JEOL, Tokyo, Japan). 
Results

Macroscopic Morphology of the Welded Stranded Wire
Firstly, cross-sections of the wire were cut parallel and perpendicular to the wire direction and were observed in order to investigate the macroscopic morphology of the joint. Figure 4 shows the typical morphology of the welded stranded wire cut perpendicular to the wire direction. Figure 4 corresponds to the cross-section of the welded region in Figure 3 . After the welding, the cross-section of the stranded wire was triangular, corresponding to the wedge tool geometry, which enabled us to form a wider contact region with the substrate. In the stranded wire, several regions were separated by white lines. These regions corresponded to each wire in the stranded wire. The deformation modes varied depending on the position of the wire in the stranded wire. Wires adjacent to the substrate became flatter than the wires at the top of the welded joint. As subsequently shown, the white regions appearing at the interface areas correspond to the Ag coating along the surface of the wires prior to welding. The Ag coating layer mostly remained between the wires even after welding. 
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Microstructure at the Interface Between Wires
In Figure 4 , it was shown that there was a strong adhesion between wires in the stranded wire Figure 10 shows the bright field image at the welded interface between the wire and the substrate. In the Ag layer, twin boundaries were observed parallel to the interface, which was thought to be caused by the plastic deformation during the ultrasonic welding. No clear interface between the Au and Ag was observed at this region. Chemical composition mapping was taken at a similar region of the interface. Figure 11 shows the STEM image and the composition maps of the Ag grain adjacent to the welded interface. In the Ag grain, Au exists without a clear boundary, and the density of the Au increases near the substrate. An Ag/Au solid solution is present at this region. Figure 10 shows the bright field image at the welded interface between the wire and the substrate. In the Ag layer, twin boundaries were observed parallel to the interface, which was thought to be caused by the plastic deformation during the ultrasonic welding. No clear interface between the Au and Ag was observed at this region. Chemical composition mapping was taken at a similar region of the interface. Figure 11 shows the STEM image and the composition maps of the Ag grain adjacent to the welded interface. In the Ag grain, Au exists without a clear boundary, and the density of the Au increases near the substrate. An Ag/Au solid solution is present at this region. In Figure 4 , it was shown that there was a strong adhesion between wires in the stranded wire after ultrasonic welding. To confirm this, we observed the microstructure of the interface between wires in detail. Figure 12 shows the typical enlarged image of the interface between wires in the stranded wire. In Figure 4 , it was shown that there was a strong adhesion between wires in the stranded wire after ultrasonic welding. To confirm this, we observed the microstructure of the interface between wires in detail. Figure 12 shows the typical enlarged image of the interface between wires in the stranded wire. The white region is the Ag coating which was present at the surface of the wire before welding. Occasionally small pores were observed along the Ag/Ag interface indicating the original surface position. It was revealed that after the ultrasonic welding, both interfaces between the substrate and the stranded wire and each wire in the stranded wire joined together simultaneously. Figure 13 shows the IPF map and EBSD grain boundary map around the interface between the welded wires. Figure 13a shows the SEM image of the interface taken from a similar region to the EBSD analysis in Figure 12 . The IPF map in Figure 13b shows that the Ag grains are elongated along the interface. In the EBSD grain boundary map in Figure 13c , the Ag layer mostly consists of high angle grain boundaries and Cu grains containing many small angle grain boundaries. The distribution of the grain boundary character was near similar to the interface between the wire and the substrate.
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Appl. Sci. 2019, 8, x 8 of 10 Figure 13 shows the IPF map and EBSD grain boundary map around the interface between the welded wires. Figure 13a shows the SEM image of the interface taken from a similar region to the EBSD analysis in Figure 12 . The IPF map in Figure 13b shows that the Ag grains are elongated along the interface. In the EBSD grain boundary map in Figure 13c , the Ag layer mostly consists of high angle grain boundaries and Cu grains containing many small angle grain boundaries. The distribution of the grain boundary character was near similar to the interface between the wire and the substrate. 
Discussion
After ultrasonic welding, the Cu wire deformed to a triangle shape as shown in Figure 4 . However, the interface between the stranded wire and the substrate was almost flat at the micrometer scale as shown in Figure 7 . In the literature, rough interfaces are sometimes observed between the Cu wire and substrates welded by ultrasonic welding [11, 16] . The flat interface produced in the present experiment was considered to be caused by the hard Ni layer covering the Cu substrate.
The EBSD analysis in Figures 8 and 13 showed that small elongated grains were present along the interface with high angle grain boundaries. Production of the fine-grained region by severe plastic deformation along the interface is frequently reported in the literature after ultrasonic welding process in several systems [16] [17] [18] [19] . Around the interface between the Cu and Ni sheets welded by ultrasonic welding, formation of the fine Cu grains, which is softer than Ni, was observed due to the plastic deformation during the welding [20] . This fine-grained region had high angle grain boundaries and was considered to be caused by a grain subdivision mechanism [21] . In the present experiment, during the ultrasonic welding, severe plastic deformation mainly occurred in the soft Ag and Au regions, leading to the formation of elongated fine grains with high angle grain boundaries.
The plastic deformation of a softer plate inserted between harder plates promoted the plastic flow and contributed to the formation of the joint by ultrasonic welding in Mg alloys [22] . In the present system, deformation of the Ag and Au layers occurred predominantly after the ultrasonic welding. Also, Ag and Au layers would be effective to minimize the Cu grain deformation and the following grain boundary formation which degrade the electronic conductivity of the Cu [23] .
At some part of the interface, a solid solution was observed between the Ag and Au. Depending on the location, the thickness of the region of the solid solution from the interface varied, but it was 
The plastic deformation of a softer plate inserted between harder plates promoted the plastic flow and contributed to the formation of the joint by ultrasonic welding in Mg alloys [22] . In the present system, deformation of the Ag and Au layers occurred predominantly after the ultrasonic welding.
Also, Ag and Au layers would be effective to minimize the Cu grain deformation and the following grain boundary formation which degrade the electronic conductivity of the Cu [23] .
At some part of the interface, a solid solution was observed between the Ag and Au. Depending on the location, the thickness of the region of the solid solution from the interface varied, but it was of the order of 10 nm. Considering the short welding time of 0.2 seconds and the diffusion rate of the elements, the thickness of the solid solution seemed to increase due to the ultrasonic welding. It has been frequently reported that the excess concentration of vacancies produced by the severe plastic deformation increases the diffusion around the interface during ultrasonic welding [24, 25] . Furthermore, it has been suggested that high-density dislocations, fine grains and substructures generated by ultrasonic welding can enhance diffusion [17, 26, 27] . Therefore, faster diffusion at the interface and the formation of the solid solution might be a common feature of ultrasonic welding in the present system. Consequently, the softer material covering the Cu and wire substrate took most of the plastic deformation, contributing to the final morphology and properties of the joint.
Conclusions
Ultrasonic welding was applied to a Cu stranded wire and a Cu substrate. Both interfaces between the substrate and the stranded wire and each wire in the stranded wire were efficiently welded without any large voids or cracks observed. The Ag and Au layer remained at the most region of the welded interface. The welding was successfully achieved between the Au and Ag, which covered the Cu wire and substrate, respectively. Ultrasonic welding is an attractive method for producing high quality joints without any defect at the interface. The coating layers on the Cu could effectively contribute to the joining process of the stranded wire to the substrate. 
